We next sought to image vessels that have grown pathologically, in order to determine whether 2 6 6 this imaging method could be used to gain greater insights into eye disease. To this end, we 2 6 7 used the OIR model, where mouse pups are placed in 75% oxygen from P7 to P12, and are 2 6 8 then kept at room air from P12 to P17 (Connor et al. 2009 ). During the hyperoxia phase, the 2 6 9 vasculature regresses, and in the subsequent normoxia phase, new vessels grow in an 2 7 0 abnormally enlarged and tortuous manner (Connor et al. 2009 ). Furthermore, vessels also start 2 7 1 to grow into the vitreal space forming bulbous vessels, known as "vascular tufts", above the 2 7 2 superficial vascular layer (Fig. 5a ). In the past, it has been difficult to analyze and characterize 2 7 3 the growth of these tufts because they are large formations which appear to be distorted by the 2 7 4 flat-mounting process. By performing IsolectinB4 and ERG immunostaining to visualize 2 7 5 endothelial cells (ECs) and their nuclei, we obtained 3D-reconstructions of the tufts and were 2 7 6 able to first classify them into different groups by quantifying both volume and number of nuclei 2 7 7 ( Fig. 5a,e ). As expected, we found that the number of nuclei increased with the size of the tuft 2 7 8 (R 2 = 0.83). Interestingly, however we found many small tufts, and only very few large tufts. The 2 7 9 smallest tuft we could identify had two nuclei parallel to each other, the cells growing straight up 2 8 0 into the vitreous (Fig. 5a , upper panel, Movie S10). We found that most tufts have between 4 2 8 1 and 20 nuclei ("Medium tufts", Fig. 5a , second panel row, Movie S11). We also identified a few 2 8 2 very "large tufts" with over 20 nuclei (Fig. 5a , third panel row, Movie S12). Next, we quantified 2 8 3 the number of connections between the vasculature and the tuft (Fig. 5b ). The large tufts had a 2 8 4 higher number of connections to the existing vasculature (R 2 = 0.61), however surprisingly for 2 8 5 medium and large tufts, despite very different nuclei counts, the tuft volume and number of 2 8 6 connections to the plexus remain approximately constant (Fig. 5c ). However, the number of 2 8 7 connections and tuft volume transition sharply to ~2.5 fold and ~3 fold respectively, when the 2 8 8 number of nuclei in the tuft exceeds twenty. This indicates that proliferation or an influx of cells 2 8 9 to the tuft does not increase tuft volume, but rather tuft volume only significantly increases when 2 9 0 the number of connections to the plexus also increases. Based on this observation, we propose 2 9 1 that large tufts are in fact formed by fusion of 2 or 3 medium tufts.
9 2
We observed that some of the vascular tufts contained highly curved nuclei ( Fig. 5a , 2 9 3 fourth panel row, yellow arrow, Movie S13). Quantification of the number of curved nuclei/total 2 9 4 nuclei in a tuft showed that in small and medium tufts, the number of curved nuclei correlated 2 9 5 well with the number of total nuclei (Fig. 5d ). In large tufts (over 20 total nuclei), the number of 2 9 6 curved nuclei was stable suggesting actually a decline in curved nuclei as the number of cells in 2 9 7 the tuft increased. Thus, the relative number of curved nuclei per tuft could also be used as a 2 9 8 clear marker to distinguish medium and large tufts. As curved nuclei indicate cells are under 2 9 9 severe mechanical strain, twisting or turning them around (Yuntao et al. 2018) , this suggests 3 0 0 that larger tufts may be more stable and mature, whereas the small and medium ones are under 3 0 1 more tension, still forming with significant forces curving and pulling the cells around in the tuft. 3 0 2 Interestingly, highly curved nuclei have been shown to result in rupture of the nucleus and DNA 3 0 3 damage (Yuntao et al. 2018) , which may further exacerbate dysfunctional cell behavior in tuft 3 0 4 formation. It should be noted that care should be taken to rotate the image stack to confirm 3 0 5 nuclear curvature, as two nuclei parallel to each other can look like only one nucleus ( Fig. 5a , 3 0 6 fourth panel row, blue arrow), emphasizing the importance of 3D imaging with LSFM as rotating 3 0 7 and viewing tufts from the side without distortion is not possible with confocal. 3 0 8
Finally, to quantify the level of distortion of vascular tufts incurred by flat-mounting and 3 0 9 confocal imaging, we compared tuft depth measurements between retinas imaged with confocal 3 1 0 and LSFM (depth defined the tuft length orientated perpendicular to plexus plane). The change 3 1 1 in depth was particularly striking and more pronounced for larger tuft structures (Fig 5a bottom  3  1  2 panels, e), further confirming that LSFM is superior to confocal to image larger structures in the 3 1 3 eye. In order to gain better resolution to characterize the specific morphology of the different sized 3 1 7 tufts we next performed computational image deconvolution on cropped LSFM images of 3 1 8 vascular tufts (see Materials and Methods), which helped to decrease the scattered light caused 3 1 9 by imaging thicker tissue with the light sheet without the need to clear the tissue (Richardson & 3 2 0 Lichtman 2015). Upon deconvolution a dramatic and previously unappreciated "knotted" 3 2 1 morphology of the tufts was evident across all tuft classes; often tufts had one or more holes 3 2 2 going through ( Fig. 6a ,b white arrows. Also see Suppl. Fig. 2a ,b for more rotational views and 3 2 3 original rotational movies S14,S15). To describe these 3D tuft structures in detail, we next 3 2 4 explored three systematic approaches: 1) by slowly shifting clipping planes through the tuft from 3 2 5 the vitreous facing side to the plexus-connecting side of the tuft it was possible to better 3 2 6 appreciate the upper and lower 3D organization of the tuft; 2) carefully rotating and hand-3 2 7 drawing the tufts surface rendered structures from every angle and 3) comparing the colour-3 2 8 labeled positions of nuclei to indicate their depth position in the tuft. The first approach revealed 3 2 9 that the tuft shown in Fig. 5a fourth panel row, had a figure of eight knot, with two clear holes 3 3 0 through the tuft and an unexpected vessel connecting the upper vitreous surface of the tuft to 3 3 1 the plexus ( Fig. 6c and Suppl. Fig. 2b , blue stars, Movie S13). A combination of the second two 3 3 2 approaches revealed a swirl structure to two tufts (small and medium in size) akin to a snake 3 3 3 coiling upon itself, with several highly curved nuclei ( Fig. 6d -I, Movies S16, S17) and a central 3 3 4 hole through the entire tuft. The smaller swirled tuft had two layers, while the medium tuft had 3 3 5 three. In both cases the top, vitreous facing surface of the tuft appeared sprout-like with 3 3 6 protrusive shapes, a morphology consistent across many tufts, e.g. Suppl. Fig. 2c white arrow 3 3 7
and Fig. 7a . Overall, all three approaches were extremely useful for better interpreting these 3 3 8 complex 3D structures, providing a much deeper understanding of them than viewing as 3 3 9 maximum 2D projections or simply rotated on a screen. To gain insights into endothelial cell behavior in vascular tufts, we next imaged the OIR-induced 3 4 3 tufts dynamically with LSFM. Thereby, we observed that filopodia extended/retracted from 3 4 4 abnormal vascular tufts, similar to what is seen in the extending vascular front during 3 4 5 development of the retina vasculature. However, filopodia formed from vascular tufts remained 3 4 6 very short (mean 4.3 µm) as compared to normoxia (mean 14.84 µm) ( Fig. 7a, d ). In OIR, 3 4 7 filopodia more rapidly extended and retracted, without making connections ( Fig. 7a , e, f, Movie 3 4 8 S18). As the VEGF gradient is expected to be disrupted in the OIR model, timing from 3 4 9 dissection to imaging is not as crucial. However, most filopodia movements occurred in the first 3 5 0 few hours under this pathological condition. When imaging other parts of the OIR retinas to the 3 5 1 tufts, we observed intriguing, abnormal EC behaviour. Their movements were undirected and 3 5 2 appeared to involve blebbing-based motility (Fig. 7b , c, Movie S20). We observed both cells that 3 5 3 were dividing, and undergoing apoptosis ( Fig. 7b , Movie S19), which was not observed during 3 5 4 normal conditions. This first live imaging of altered cell behavior in the OIR mouse model further 3 5 5 highlights the potential of LSFM for new insights into disease processes. 3 5 6 3 5 7 Conclusions and Discussion 3 5 8
Although LSFM is becoming increasingly popular, studies to date have not attempted to 3 5 9 use it to image eye tissue. We have therefore established the first protocols to image and clear 3 6 0 mouse eye tissue using LSFM. Because this protocol utilizes optical sectioning of whole mount 3 6 1 tissue, we found that LSFM is a very useful tool to rapidly image and reveal eye tissue at 3 6 2 cellular and subcellular resolution without distortion of the sample due to flat-mounting, with the 3 6 3 benefit to view and rotate structures in full 3D. As such, the present study provides a highly 3 6 4 relevant and improved approach to examine the inter-relationships of normal neurovascular 3 6 5 structures and the complex morphology of aberrant vascular structures in disease models, 3 6 6 revealing for the first time a knotted morphology to the vascular tufts in OIR. We have also 3 6 7 established a clearing protocol for eye tissue. We have furthermore established an ex vivo 4D 3 6 8 live-imaging method to follow angiogenic growth in the mouse retina in real-time, both during 3 6 9 development and under pathological conditions, and quantified that these dynamics are 3 7 0 significantly altered in pathological conditions. The acquisition of 3D images of vascular 3 7 1 structures at high spatial and temporal resolution within intact ocular tissue is both novel and 3 7 2 significant. Overall, we strongly suggest the use of LSFM for 1) the study of larger or more 3 7 3 complex 3D tissue structures reaching across the typical retinal layers, which are liable to 3 7 4 distortion with standard approaches and 2) dynamic cell and subcellular processes in the mouse 3 7 5 eye. We see far-reaching potential of the approach for deeper insights into eye disease mouse 3 7 6 models in particular. For example, it would now be feasible to skeletonize larger portions of the 3 7 7 vascular network (ultimately, the entire retina vasculature) in order to perform flow simulations 3 7 8 and understand how the biomechanical feedback of flow impacts vessel growth in healthy and 3 7 9 diseased eyes. 3 8 0 3 8 1 LSFM vs Confocal: A Balanced Discussion 3 8 2
Benefits of LSFM:
In general image acquisition with LSFM is widely known to be far faster than 3 8 3 confocal due to the illumination of the entire optical plane at once combined with the use of a 3 8 4 camera instead of detectors, as noted earlier, an extensive stack of the entire mouse retina can 3 8 5 be acquired very quickly using LSFM (~60 sec). 1) LSFM is better for imaging thicker or very 3 8 6 large tissues (such as the eye cup, which is thin, but topologically spherical), due to the fast 3 8 7 acquisition rates and the large, rotatable sample holder, removing the limited single view point 3 8 8 from above with upright microscopes and slide mounting, 2) the illuminated plane generates 3 8 9 less photobleaching and faster time frame rates for high temporal resolution live imaging of 3D / 3 9 0 very thick tissues. We find LSFM imaging of the retina to be particularly informative over 3 9 1 standard confocal microscopy when studying the following specific complex 3D and/or dynamic 3 9 2 structures in the eye: 1) the adult retina in full -it is possible to visualize all three vascular layers 3 9 3 in the LSFM, including direct cross-sectional viewing of the diving vessels oriented between 3 9 4 layers by rotating the sample relative to the objective, which is not possible with confocal. 3 9 5
Similarly, the iris and optic nerve can be observed in full, from any angle, undistorted with 3 9 6 LSFM. 2) abnormal enlarged vessels/tufts -a newly characterized knotted morphological 3 9 7 structure of tufts was revealed due to the improved 3D imaging and rotational viewing possible 3 9 8 with LSFM. With confocal imaging the tuft shape can only be inferred from above and we found 3 9 9 the depths were significantly distorted and compressed, which is likely why knots have not been 4 0 0 described before. Interestingly the VE-cadherin staining of endothelial junctions of several OIR 4 0 1 tufts shown in (Bentley et al 2014) indicated there were "holes" through tufts, as no junctional 4 0 2 stains were found in clear pillars through them. However, the holes were not easy to confirm by 4 0 3 isolectinB4 staining in the same samples, likely due to spreading of the vascular structure when 4 0 4 it was distorted during flat-mounting. We can confirm here with LSFM there are holes through 4 0 5 tufts and that tufts appear to consist of one or more long vessel structures intertwined, swirled Although embryoid bodies contain some other cell types such as pericytes, they still do not fully 4 1 7 reflect the complex and tissue specific in vivo retinal environment. Importantly, the vessel-like 4 1 8 structure formed in the embryoid bodies have never experienced flow. Moreover, the embryoid 4 1 9
bodies are treated with VEGF supplied to the culture medium, while in vivo, endothelial cells are 4 2 0 exposed to a VEGF gradient from the astrocyte network below. Our images suggest that the 4 2 1 VEGF gradient remains intact in the retina samples for several hours in LSFM imaging. 4 2 2 Furthermore, our protocol enables us to follow and quantify filopodia movements from minute to 4 2 3 minute, revealing movements never seen before. Thus, we observed astonishing abnormal 4 2 4 cellular and subcellular level dynamics under pathological OIR conditions by 4D live LSFM 4 2 5 imaging. 4 2 6
Benefits of confocal over LSFM: Confocal microscopy has a fundamentally higher spatial 4 2 7 resolution with less light scatter than LSFM; clearer, more precise images of smaller structures 4 2 8
can be obtained, such as endothelial junctions and tip cell filopodia morphology provided the 4 2 9 tissue sample is amenable to flat mounting without distortion or loss of information -i.e. it is 4 3 0 naturally thin cross-sectionally and structures of interest have their main features in the XY 4 3 1 plane, not in Z, XZ or YZ. Thus, confocal static imaging of normal developing vessels in a single 4 3 2 layer of the retina will still yield better resolution images than LSFM and is very reliable for XY 4 3 3 based quantifications such as branch point analysis. However, we find it is not reliable for 4 3 4 acquiring accurate quantifications involving depth through Z such as vessel diameters or the 4 3 5 morphology of cells that span between the layers (e.g. in the XZ or YZ planes). Thus, overall 4 3 6 LSFM is not suggested to replace confocal for static developmental angiogenesis studies. 4 3 7
However, to study and measure precise morphological attributes or dynamics of vessels with 4 3 8
inherently 3D nature such as vessel radii, enlargements, malformations, diving vessels, iris, 4 3 9 optic nerve or the deeper layers we find strong evidence to favour LSFM over confocal imaging. 4 4 0
In general, the quantification time was comparable between LSFM and confocal images but 4 4 1 there is potential for image analysis to require more effort for LSFM as files can become quickly 4 4 2 large due to the rapid imaging (~200GB for static imaging and up to 4TB for live multichannel 4 4 3 imaging). If an older eye is being imaged the three vascular layers will be somewhat visually 4 4 4 overlapping (e.g. in Supp. Fig. 1b ), which could be hard to manually untangle due to the 4 4 5 curvature, and as such represents a limitation. The preservation of the tissue depth information 4 4 6 in the large z stack however, means by computationally fitting to the local curvature of the eye 4 4 7 tissue one could computationally colour code and subtract the retinal layers out for independent 4 4 8 viewing and analysis, but this requires more investment than depth colour coding of flat-4 4 9 mounted confocal images (Milde et al. 2013 ). 4 5 0 4 5 1
Vascular Tuft Formation 4 5 2
The OIR model is a commonly used to study retinopathies. The three-dimensional nature of 4 5 3 vascular tufts makes them ideal for LFSM and though this is a widely studied mouse model, the 4 5 4 improved three-dimensional imaging allowed us to identify several new features of the important 4 5 5 20 pathological vessels it generates. Our observations of small, medium and large tuft classes with 4 5 6 distinct properties and the observation of more complex knotted, swirling and looping 4 5 7 morphologies than previously reported, suggest a new mechanistic explanation is required to 4 5 8 understand how and why vessels twist and turn on themselves and why it appears that medium 4 5 9 tufts reach a critical size then stop twisting and instead coalesce into larger more stable 4 6 0 structures, akin to the development of blood islands in retinal development (Goldie et al., 2008) . 4 6 1
Nuclei with unusual shapes have previously been identified in abnormally growing 4 6 2 tissues, such as cancer (Hida et al. 2004; Kondoh et al. 2013; , Versaevel et al. 2012) , and to 4 6 3 reflect mitotic instability (Gisselsson et al. 2001) . It is remarkable that we observed the 4 6 4 dramatically curved shape of EC nuclei in tufts. Although it remains unclear whether their 4 6 5 unusual shape has consequences for EC function in the tuft, it is tempting to speculate that it 4 6 6 would have some bearing on, or is at least be an indicator of abnormal cell behavior. Overall, 4 6 7 the ability to rotate the tufts in 3D and view from the side, not just the top, gave a much clearer 4 6 8 view of their structure potentiating a detailed analysis of their complex knotted structure in the 4 6 9 future. LSFM therefore could greatly improve our understanding of these abnormal vascular 4 7 0 formations, already opening up avenues for future studies. 4 7 1
Taken together, we propose that tuft formation proceeds as follows 1) small tufts are 4 7 2 sprouts from the existing vasculature oriented upwards to the vitreous (e.g. as shown in Fig, 5a  4  7  3 top panel) initiating the formation of a new tuft. However, further dynamic study is required to 4 7 4 establish whether they are medium tufts that instead are regressing; 2) medium tufts originate 4 7 5 from small tufts that continue to sprout, loop and potentially fuse with other upward sprouts (to 4 7 6 generate the observed increase in connections to the plexus below), actively swirling and 4 7 7 knotting around themselves. Further studies are needed to identify if other cell type/extracellular 4 7 8 tissue acts as a scaffold to create the space/holes within them; 3) large tufts form when medium 4 7 9 tufts merge with each other whereupon the knotting/swirling process declines (indicated by the 4 8 0 plateau in curved nuclei in the large tufts and the sudden jump in tuft volume and connections to 4 8 1 the plexus) possibly indicated final stabilization or even a switch to the natural normalization of 4 8 2 tufts in this model. methods. It will be interesting to investigate in future live-imaging studies how pervasive the kiss 4 9 0 and run behaviors are across the plexus and under different conditions, in order to fully 4 9 1 elucidate their functional role. We furthermore demonstrated the potential to quantify diverse 4 9 2 subcellular level movements in the cells as proof of concept. The LSFM live imaging protocol is 4 9 3 sturdy as indicated from the testing in three different laboratories in three different countries 4 9 4 (US, Sweden and Portugal) with different scientists performing the dissections and imaging, on 4 9 5 different instruments. As such we can confirm that though challenging, the live imaging protocol 4 9 6 has been optimized and is reproducible in different hands. IsolectinB4 directly conjugated to Alexa488 and all corresponding secondary alexa conjugated 5 1 3 antibodies were obtained from Invitrogen. Isolectin IB4 conjugated with an Alexa Fluor 568 dye 5 1 4 was purchased from Thermo Fisher Scientific, MA. Anti-calretinin (ab702) and anti-ERG 5 1 5 (ab2513) antibodies were obtained from Abcam. The antibody directed against Calbindin 5 1 6 (AB1778) was acquired from Millipore. Anti-Glial Fibrillary Acidic Protein (GFAP) antibody was 5 1 7 purchased from Dako (Z0334), anti-CollagenIV from AbD Serotec (2150-1470), biotinylated anti-5 1 8 neuron-specific b-III Tubulin from R&D Systems (Clone TuJ-1, BAM1195), and Cy3-conjugated 5 1 9
anti-smooth muscle actin (SMA) antibody was obtained from Sigma Life Science (C6198). 5 2 0
Draq5 was obtained from ThermoScientific. Anti-GOLPH4 (ab28049) from Abcam. 5 2 1 42˚C before adding the tissue. To minimize curling of the retina, apply 1-2 drops of low melting 5 3 4 agarose on retina and start uncurling the retina before the gel is solidified. It can then be 5 3 5 transferred to the cylinder for imaging. 5 3 6 5 3 7 PACT clearing of retinas 5 3 8
PACT clearing was performed as previously described (Treweek et al. 2015b ). Retinas were 5 3 9 dissected and fixed with 4% PFA at 4˚C overnight. Samples were incubated overnight at 4˚C in 5 4 0 ice cold A4P0 (40% acrylamide, Photoinitiator in PBS). The following day, samples were 5 4 1 degassed on ice by applying a vacuum to the tube for 30 min, followed by purging with N 2 for 30 5 4 2 min. Thereafter, samples were incubated at 37˚C for 3h to allow hydrogel polymerization. 5 4 3
Excess gel was then removed from the samples, the samples washed in PBS, and incubated at 5 4 4 37˚C for 6h in 8% SDS/PBS, pH 7.5. Samples were then washed in PBST for 1-2 days, 5 4 5 changing wash buffer 4-5 times to remove all of the SDS. Immunostaining was then performed 5 4 6 following the same protocol without PACT clearing. Thereafter, the tissue was cleared by at 5 4 7 least 48h incubation in RIMS (40 g histodenz in 30 ml of sterile-filtered 0.02 M phosphate buffer, 5 4 8 0.01% sodium azide). Cleared retinas were mounted in 5% low-melting agarose/RIMS for LSFM 5 4 9
imaging. 5 5 0 5 5 1 Live-imaging 5 5 2
For live-imaging, mice were imaged at P4 or P5. The sample chamber was filled with DMEM 5 5 3 without phenol red containing 50% FBS and P/S and heated to 37˚C. Retinas were quickly 5 5 4 dissected in prewarmed HBSS containing penicillin and streptomycin. After dissection, retinas 5 5 5
were rapidly cut into quarters (mainly to minimize the datafile size created, the curved form was 5 5 6 preserved) and immediately mounted in 1% low melting agarose in DMEM without phenol red 5 5 7 containing 50% Fetal Bovine Serum (FBS) and 1x penicillin and streptomycin (P/S). To 5 5 8 5 7 0 Image Analysis 5 7 1 Visualization of images in 3D 5 7 2 3D reconstructions of images up to 4 GB were obtained using Imaris software. Fiji was used for 5 7 3 reconstruction of images larger than 4 GB. To quantify tuft volumes, Arivis Vision4D software 5 7 4 was used. 5 7 5 5 7 6
Visualization of live-imaging 5 7 7
To visualize live-images, the maximum intensity projection of each timepoint was made in ZEN 5 7 8 (Zeiss). The movies were corrected for drift correction in Fiji using the StackReg plugin and the 5 7 9 background subtracted in Fiji using rolling ball background subtraction. the correlative LSFM-Confocal imaging approach used to quantify vessel distortion incurred by 8 3 5
flatmounting. b, the same large vessel segment imaged first with LSFM then confocal (surface 8 3 6 rendered in Imaris). By orienting with the surrounding vessel connections to determine the 8 3 7 plexus plane (equivalent to the XY plane in confocal) and the plane perpendicular to it ("perp 8 3 8
plane"), which is equivalent to the Z plane in confocal, comparative width (W) and depth (D) 8 3 9
measurements can be made of the same vessel segment. c, cross sectional views of another 8 4 0
representative large vessel near the optic nerve shows how the aspect ratio of W and D is 8 4 1 shifted to an ellipse in confocal. Near Optic: n = 60 vessels from 6 retinas (7 images). Vascular 8 4 2
Front n = 28 vessels in from 4 retinas (4 images) for each confocal and lsfm. 8 4 3 Supp. Figure 1. 
